Dielectric Barrier Discharge (DBD) plasma jets has been studied extensively in recent years because of its wide range of applications. DBD plasmas can be produced using many different gases and can be applied to a broad variety of surfaces and substrates. In this work, we provide a comparison of DBD plasmas generated using argon (Ar), helium (He) and nitrogen (N 2 ), as well as their mixtures with water vapor in order to know how some plasma properties are affected by the use of different gases. All plasmas were studied in two different conditions, using a transfer plate made of a conductive material and using a transfer plate made of an insulating one. We observed 
Introduction
Dielectric Barrier Discharge (DBD) plasma is a non-equilibrium plasma that can be generated at atmospheric pressure, both in open or closed environments [Bibinov2001,Chiper2011] . In this kind of plasma the discharges are produced between two electrodes with at least one of them covered with a dielectric material (glass or ceramic in most cases). DBD plasmas at atmospheric pressure are characterized by low temperature [Masoud2005,Rajasekaran2012,Bashir2014,Machida2015] that is especially important for modification or activation of surfaces of soft materials like polymers or biological tissues, without causing damage to them.
Some authors have been studied the use of argon, helium or nitrogen gases separately in order to produce atmospheric pressure (AP) plasmas [Xu2008,Wei2011,Khatun2010,Muller2013, Hong2008,Walsh2010] , some works compared AP plasmas generated using two different gases [Massines2003,Xian2010] and some others studied plasmas formed using gas admixtures a) Corresponding author: fellype@gmail.com [Bibinov2001,Sarani2010] . In this work, we provide a comparison of DBD plasmas generated using three different gases and its admixtures with water vapor: argon (Ar), argon plus water vapor (Ar+H 2 O), helium (He), helium plus water vapor (He+H 2 O), nitrogen (N 2 ) and nitrogen plus water vapor (N 2 +H 2 O), in two different conditions: using a transfer plate made of a conductive material (conductive case), and using a transfer plate made of an insulating material (insulating case). Since the transfer plate is equivalent to the sample holders used in many applications of this kind of plasma [Malecha2013,Slepicka2013,Kostov2014,Nascimento2015] , it is important to know the influences of the sample holder material in the plasma properties. The comparison of plasmas generated using Ar, He and N 2 helped us to understand some mechanisms of energy transfer and the main population processes of excited levels of N 2 molecules (N 2 I) and N 2 + ions (N 2 II) in the Ar, He and N 2 plasmas.
To generate the DBD plasma we used a novel device that was built using a 5C22 thyratron valve and a ferrite transformer [Machida2015] . The use of a ferrite transformer allowed an increase of the 5C22 initial pulse duration from ~200 nanoseconds to ~1 microsecond, keeping the initial rise time with a value about 100ns. This results in significantly extended plasma pulses and thus improved efficiency of material processing with the plasma. The device can be operated from 5 to 40kV and can produce from 6 to 300 plasma pulses per second.
Experimental setup
The setup used to acquire the experimental data used to study the DBD plasma is shown in Figure   1 . The part consisting of tubes and electrode represents a transverse section of the DBD reactor.
The device operates as follows: a continuous gas flow is injected inside the PVC tube and high-voltage pulses are applied to the electrode inside the glass tube. A primary discharge is formed in the region between the glass tube and the PVC tube producing a plasma jet that reaches a transfer plate placed at a distance of 5 mm from the end of the PVC tube. The size of the opening in the PVC tube from where the plasma jet is extracted, is 10 mm in diameter. The gas flow rate used to treat PDMS samples was the same for conductive and insulating cases, fixed at 4 liters per minute.
In order to produce plasma discharges using gases with admixture of water vapor, the water vapor is carried by the gas flow using the bubbling method. The vessel with water indicated in the dashed part of Figure 1 is present only in experiments with admixture of water vapor, otherwise the tube leaving the flowmeter is plugged directly to the PVC tube.
Measurements of spectral emissions were carried out using an Andor 303i spectrometer equipped with an iStar DH720 iCCD detector. A 150 lines/mm grating was used in order to get an overview of entire spectra and a 1200 lines/mm grating was used for detailed spectral measurements. The light emitted by the plasmas was collected with a cosine lens and transported to the spectrometer through an optical fiber. The aperture of the entrance slit was set to 250 µm giving us a resolution of (4.45 ± 0.03) nm for the 150 lines/mm grating and (0.418 ± 0.006) nm for the 1200 lines/mm grating. The plasma power estimates were made using a well known method [Machida2015,Ashpis2012] measuring simultaneously the voltage applied on the electrode and the voltage across a shunt resistor R = 47 Ω, which is used to calculate the current using Ohm's law. We can define the value of plasma power as the integration of the product between voltage and current signals during the time of plasma pulse duration multiplied by the pulse repetition rate f:
where t is the duration of the plasma pulse. In other words, we are defining the plasma power as the energy of one plasma pulse multiplied by the number of pulses per second. We used a pulse repetition rate f = 60 Hz for all experiments of this paper.
Results
The emission spectra of the plasmas produced with Ar, Emissions from the OH radical (near 308nm) are present in the emission spectra of argon and helium plasmas. Some N 2 I molecular line emissions are present in the spectra of all plasmas.
The most intense N 2 I molecular line emissions appear at 337. when there is a high concentration of water vapor in the gas [Sarani2010] .
Comparing figures 2 and 3 we can see that the use of a transfer plate made of an insulating material in general results in reduction of intensities of some spectral emissions. But we observed that this reduction of intensities of spectral emissions are not significant for the plasmas formed with N 2 and N 2 +H 2 O gases. Table 1 summarizes the results achieved for T rot and T vib , with an uncertainty of 10% on each temperature value, in the conductive and insulating cases. As we can see in Table 1, there are no significant changes in the values obtained T rot and T vib when we alternate between the conductive and insulating cases. In order to better understand the variation of plasma parameters when different gases are used or when we switch from the conductive to the insulating case, we measured the power delivered to the plasma for all the gases used in this work. Table 2 shows the peak voltage applied to the electrode and the power delivered to each kind of plasma. From the data in Table 2 it can be seen that the use of Ar provides the best relationship between applied voltage and power delivered to the plasma, both in conductive and insulating cases. Looking to the temperatures shown in Table 1 and considering the applied voltage and plasma power shown in Table 2 , we can say that the T rot values are not determined by the applied voltage or by the power when different gases are used. For example, the voltage applied to the N 2 plasma is twice that applied to the He plasma and, in the conductive case, the power delivered to the He plasma is more than double the power delivered to the N 2 plasma, but we obtained the same value fot T rot in both cases. The T rot values are related probably to the thermal conductivity of the gas used.
The main difference between insulating and conductive cases is that the power delivered to the plasma is, in general, much higher in the conductive case. It is simply due to the fact that the electric current passing through the plasma is much higher in that case. Then, it is obvious that we will always have more power in the conductive case. This difference of power delivered to the plasma causes a change in the electron energy distribution function (EEDF), by increasing the number of electrons with more energy. This fact can be noted comparing the spectra obtained with For the He plasma, we can note that the intensities of N 2 I lines in relation to N 2 II lines are higher in the conductive case. We also note that the distribution of intensities of N 2 I lines are practically the same in both cases and the same occurs with N 2 II lines. The first fact can be attributed to the changes in the EEDF.
Interesting about the pure nitrogen plasma is that the intensities of N 2 I emissions, and also its distribution, do not changed too much when switching from the conductive to the insulating case, as well as the values obtained for T rot and T vib . It means that the EEDF and the plasma power do not have strong influence on such parameters for N 2 plasma.
The comparison between nitrogen plasma spectrums in the insulating and conductive cases shows us clearly that the intensities of N 2 I emissions does not have dependence on the plasma power. The power in the conductive case is almost twice the insulating case, but the intensities of N 2 I emissions are practically the same in both cases. The relative intensities of N 2 I peaks also remains the same and it indicates that the ohmic heating does not change the EEDF in the N 2 plasma.
Another important parameter influencing the plasma behavior and the EEDF is the electric field strength E. The reduced electric field strength E/n, where n is the gas number density, can be on the voltage applied to the electrode and the distance between the powered and ground electrodes, and these parameters were kept constants when switching from the conductive to the insulating case. So, we can say that the gas number density is modified when we change from the conductive case to the insulating case, and the gas number density is larger in the conductive case, which reduces the value of E/n.
Another interesting point to be noted with the observation of ratios between intensities N 2 I and N 2 II emissions is when we compare the emission spectra of Ar and He plasmas in the conductive case (Figure 2 ), the ratio I(N 2 II, 428 nm)/I(N 2 I, 419 nm) in the He plasma is much higher than in the Ar plasma. It indicates that the use of different gases also leads to a change in the reduced electric field in the plasma. Note that the applied voltage differs only a few percent for the two gases, therefore the intensity E does not change so much. Then, in this case we also have a reduction in the value of E/n and it means that the gas number density is larger for the Ar plasma. Looking to the distribution of intensities of Ar I lines in Ar and Ar+H 2 O plasmas for the conductive case, we can say that the EEDF does not change significantly when water vapor is added to the argon gas. But for all other cases there is a change in the distribution of intensities of all line emission when water vapor is added to a gas. This is due mainly to the reduction of the power delivered to the plasma, followed by a change in the EEDF. + e, like occurs in nitrogen afterglow discharges [Guerra2003] . Since in plasmas generated with N 2 and N 2 +H 2 O gases there are no other elements in sufficient quantity with energetic metastable colliding with N 2 molecules, we can say that the excited levels of N 2 I molecular bands are populated only by direct electron impact excitation for these plasmas.
Conclusions
The changes in the plasma power due to an increase of electric current does not affect the values of T rot and T vib . This indicates that ohmic heating does not affects these molecular parameters. This fact indicates that the additional power delivered to the plasma is absorbed by electrons and ions, but not by the molecules.
When an insulating or a conductive material is used as the transfer plate, not only the plasma power and the EEDF are changed, but the reduced electric field strength, and its spatial distribution, is also modified. From the changes in the ratios between intensities of N 2 II and N 2 I emission lines, we can infer that the use of different gases also leads to modifications on the reduced electric field strength.
Excitation by direct collisions between Ar or He atoms in metastable states with N 2 molecules influences the emission spectra of N 2 I and N 2 II, but this process is more evident and significant in He plasmas. The collisions of He metastable with N 2 molecules also determines the vibrational temperature in He plasmas.
It is not the power nor the applied voltage that determines the rotational and vibrational temperatures when different gases are used.
Radicals and active species are generated by collisions with the high energy electrons accelerated by the strong electric field in N 2 plasmas.
Further studies are being considered in order to determine the influence of plasma power in translational and electron temperatures of DBD plasmas. The correct measurements of these parameters requires absolute intensity calibration of the spectrometer.
